Developmental research has demonstrated the harmful effects of peer rejection during adolescence; however, the neural mechanisms responsible for this salience remain unexplored. In this study, 23 adolescents were excluded during a ball-tossing game in which they believed they were playing with two other adolescents during an fMRI scan; in reality, participants played with a preset computer program. Afterwards, participants reported their exclusion-related distress and rejection sensitivity, and parents reported participants' interpersonal competence. Similar to findings in adults, during social exclusion adolescents displayed insular activity that was positively related to self-reported distress, and right ventrolateral prefrontal activity that was negatively related to self-reported distress. Findings unique to adolescents indicated that activity in the subgenual anterior cingulate cortex (subACC) related to greater distress, and that activity in the ventral striatum related to less distress and appeared to play a role in regulating activity in the subACC and other regions involved in emotional distress. Finally, adolescents with higher rejection sensitivity and interpersonal competence scores displayed greater neural evidence of emotional distress, and adolescents with higher interpersonal competence scores also displayed greater neural evidence of regulation, perhaps suggesting that adolescents who are vigilant regarding peer acceptance may be most sensitive to rejection experiences.
INTRODUCTION
Extensive developmental research has demonstrated that adolescence is a time characterized by increased importance of peer relationships, sensitivity to rejection and negative psychological outcomes associated with rejection. When young adolescents make the transition to middle school, it is common to spend more time with peers (Csikszentmihalyi and Larson, 1984) , place greater value on peers' approval, advice and opinions (Brown, 1990 ) and be more concerned about maintaining peer relationships (Parkhurst and Hopmeyer, 1998) . During the transition to adolescence, there is also a shift in the behaviors that youth consider to be desirable and necessary to gain social status. For example, peer rejection is a dominant form of negative treatment among peers at this age (Coie et al., 1990) , and isolating and ridiculing classmates becomes associated with perceived popularity . As a result, individuals' sensitivity to rejection is particularly high at this age due to the increased prevalence of these behaviors and the increased importance placed on maintaining peer relationships. The negative effects of social exclusion on psychological adjustment, including links with depression and anxiety (Rigby, 2000 (Rigby, , 2003 Isaacs et al., 2001; Graham et al., 2003) , and emotionality and social withdrawal (Abecassis et al., 2002) are well documented. In addition, peer rejection can result in adverse mental and physical health outcomes that persist long-term across development (e.g. Rigby, 2000; Prinstein et al., 2005; Lev-Wiesel et al., 2006) .
Although peer rejection is common in the lives of most adolescents, individual differences may moderate adolescents' distress in response to these situations. Specifically, both sensitivity to peer rejection (Downey and Feldman, 1996) and interpersonal competencea construct measuring social skills that is associated with greater popularity, social self-esteem and friendship intimacy (Buhrmester et al., 1988; Buhrmester, 1990) are likely to impact adolescents' responses to being rejected. Research has consistently found self-reported rejection sensitivity to be related to greater behavioral and neural sensitivity to situations of social rejection (Ayduk et al., 2000; Sandstrom et al., 2003; Burklund et al., 2007; Kross et al., 2007; London et al., 2007) . However, behavioral research examining individuals with varying levels of interpersonal competence, measured with self-, peer-and parent-reports, has been less consistent, and has suggested two potential relationships linking interpersonal competence and outcomes following experiences with rejection.
First, a series of studies has demonstrated that interpersonally competent adolescents may be less affected by peer rejection. For example, individuals scoring higher on social competence have been shown to have less negative mood shifts following in vivo experiences with rejection . In addition, research has linked frequent peer rejection with more socially inappropriate and maladaptive behavior (Rubin et al., 1982) . Finally, interpersonally competent adolescents have been shown to have higher quality interactions and relationships with peers (Armistead et al., 1995) , suggesting that individuals with lower interpersonal competence may have more relational problems with peers in general. In contrast, an additional series of studies has suggested that interpersonally competent adolescents (as measured by popularity or social skills) are more conscious of peer norms and influence, likely because they want to maintain their high status (Allen et al., 2005) . Thus, they may be particularly concerned about threats to their acceptance and respond to peer rejection in ways similar to individuals who are high on measures of rejection sensitivity. In addition, children and adolescents with higher social status possess more advanced social cognitive skills including better social reasoning, interpersonal understanding, sensitivity to peers' emotions (Dekovic and Gerris, 1994) , and theory of mind abilities (Slaughter et al., 2002) . While these skills are typically adaptive and have even been shown to aid in coping following peer rejection , heightened ability to reflect on social situations may produce greater sensitivity or stress related to relational problems with peers (Hoglund et al., 2008) . Overall, this research suggests that in addition to rejection sensitivity, interpersonal competence is an important factor to examine when trying to understand adolescents' responses to rejection. Moreover, assessing some of the neural processes underlying the relationship between interpersonal competence and responses to rejection may clarify some of the specific mechanisms (e.g. sensitivity to rejection and regulatory/coping ability) by which interpersonal competence and responses to peer rejection are linked, therefore expanding on the existing body of behavioral work on this topic.
Neuroimaging research related to social exclusion Despite the heightened salience of social rejection during adolescence, we know little about the underlying neural or cognitive mechanisms that make this experience so emotionally important during this time period. In adults, a series of neuroimaging studies have identified some of the neural correlates underlying the experience of social rejection by examining neural responses to an episode of social exclusion (Eisenberger et al., 2003 . These studies have revealed a network of neural regions associated with the distress of social exclusion, including the dorsal anterior cingulate cortex (dACC), involved in the 'unpleasant' experience of physical pain (Foltz and White, 1962; Rainville et al., 1997; Sawamoto et al., 2000) ; the insula, associated with visceral pain and negative affective experience (Cechetto and Saper, 1987; Lane et al., 1997; Philips et al., 1997; Aziz et al., 2000; Phan et al., 2004) ; and the right ventral and right ventrolateral prefrontal cortex (VPFC/VLPFC), involved in the regulation of distress associated with both physical pain and negative emotional experiences more generally (Hariri et al., 2000; Petrovic and Ingvar, 2002; Lieberman et al., 2004 Lieberman et al., , 2007 . These studies have also shown that individuals who feel more socially rejected in their everyday lives, or who score higher on rejection sensitivity, evidence greater dACC activity to rejection-related stimuli (Burklund et al., 2007; Eisenberger et al., 2007) .
Follow-up studies have shown that the subgenual portion of the ACC (subACC) also plays a role in experiences with social rejection. This region was shown to be more active upon learning that one was socially accepted vs. rejected (Somerville et al., 2006) and more active among individuals lower in rejection sensitivity (Burklund et al., 2007) . Thus activity in this region may be involved in signaling a lessthreatening interpretation of a potentially negative stimulus (Kim et al., 2003) , which likely helps to regulate the distress related to the experience (Phelps et al., 2004) . Together, these findings highlight a network underlying rejection experiences among adults that has not yet been examined among adolescents.
Neuroimaging research examining peer interactions among adolescents. A handful of studies have begun to explore the neural patterns associated with peer interactions more generally. When anticipating feedback from peers who were previously rated to be more likely to provide negative feedback, clinically anxious adolescentswho typically judge themselves as being unaccepted by peersdisplayed more activity in the amygdala, a threat-sensitive neural region, than typically developing adolescents (Guyer et al., 2008) . This study suggests that clinically anxious adolescents might be more sensitive to expected negative peer feedback. In a separate study, adolescents who self-reported on their ability to resist peer influence were scanned while viewing a series of angry facial expressions. Adolescents who were less resistant to peer pressure displayed greater neural sensitivity to angry faces, suggesting that negative feedback may be particularly salient for individuals who are more sensitive to peer norms or peer pressure (Grosbras et al., 2007) . Together these studies suggest that peer interactions are affectively salient to adolescents and this is reflected specifically by amygdala activity.
Goals of the current study
In the current study we simulated peer rejection, using a virtual ball-tossing game called 'Cyberball', to identify specific patterns of neural activity related to peer rejection among adolescents. We examined correlations between this neural activity and self-reported distress to explore the neural regions involved in responding to and regulating the distress of rejection. In addition, we explored individual differences in neural responses to rejection associated with self-reported rejection sensitivity and parent-reported interpersonal competence, since rejection sensitivity and interpersonal competence have been shown to be associated with adolescents' interpretations and experiences of distress in real-life situations of peer rejection in different ways.
In response to social exclusion, we hypothesized that adolescents would display dACC and insula activity, and that the activity in these regions would be associated with subjective ratings of distress resulting from the experience of being rejected. Given that the cingulate and insular regions of the brain should be functioning at an adult level by adolescence (e.g. Gogtay et al., 2004) , we based this prediction on previous findings among adults experiencing social exclusion. However, given the well-established differences between adults and adolescents in terms of the salience of peer rejection experiences, we also considered the possibility that adolescents might show activity in additional regions; for example they might display activity in the amygdala or other regions that have shown robust activations among adolescents engaging in emotionally threatening tasks, due to the enhanced sensitivity to peer interactions during adolescence (see Nelson et al., 2005) . In addition, we hypothesized that adolescents would display activation in areas including the right VLPFC and/or right VPFC in response to exclusion vs. inclusion, providing evidence of neural-affective regulation of distress. However, we also predicted that adolescents might display diffuse patterns of activity in this region due to the immaturity of the prefrontal cortex during adolescence (Durston and Casey, 2005; Durston et al., 2006) , as well as neural responses in alternate areas that are also theorized to support regulation. Indeed, based on evidence that synaptic pruning of the PFC continues throughout adolescence and that full maturity of this region is not complete until the late 20s (e.g. Gogtay et al., 2004; Sowell et al., 2004) , several theorists have recently suggested that PFC regulation of responses to peer interactions may be somewhat hindered during this developmental period (Nelson et al., 2005; Steinberg, 2008) . Thus, we considered this possibility that multiple brain regions might aid in regulatory processes among our sample of young adolescents.
In terms of individual differences in how adolescents responded to an experience of peer rejection, we first expected that adolescents who reported being more sensitive to rejection would display more evidence of sensitivity to rejection at the neural level (e.g. more dACC and insula activity). Next, given the diversity of the research related to how interpersonal competence may impact responses to peer rejection, our goal was to examine whether parent-reported interpersonal competence might relate to neural activity following an experience with peer rejection and determine the direction of this potential relationship. Based on previous research there were two possibilities; first, to the extent that higher interpersonal competence is associated with reduced sensitivity to rejection (e.g. , adolescents with higher interpersonal competence scores might show less evidence of sensitivity to rejection at the neural level (e.g. less dACC and insula activity), and potentially less activation in prefrontal regulatory regions if these adolescents were less distressed by the rejection and thus required less regulation of distress. Alternatively, to the extent that higher interpersonal competence is associated with heightened sensitivity to negative peer interactions (e.g. Hoglund et al., 2008) coupled with a better ability to cope with rejection (e.g. , adolescents with higher interpersonal competence scores might show more evidence of sensitivity to rejection at the neural level (e.g. more dACC and insula activity) as well as greater activity in prefrontal and other regulatory regions. As a whole, examining these two possibilities regarding the relationship between interpersonal competence and responses to peer rejection using fMRI will be particularly helpful in determining how the combination of underlying neural distress responses in relation to underlying neural regulatory responses contributes to the overall subjective experience for an individual in a situation of peer rejection.
METHODS

Participants
Participants included an ethnically and socioeconomically diverse sample of 23 adolescents (14 females) from the greater Los Angeles area. All participants had attended at least one year of middle school and ranged in age from 12.4-13.6 years (M ¼ 13.0); boys and girls did not differ in terms of their mean age. This age range was chosen based on previous research characterizing the middle-school transition as a time of heightened salience of peer relationships resulting from both concern about peer acceptance as well as increased prevalence of peer rejection (e.g. Brown, 1990 ). Participants came from a variety of ethnic backgrounds, including 52% Caucasian, 26% Latino, 9% AfricanAmerican, 9% Asian and 4% Native American. Ethnic distributions for boys and girls were similar; 78% of boys were Caucasian and 22% were Latino, while 50% of girls were Caucasian, 29% were half-Caucasian, and 21% were Latino, African-American or Asian.
Participants were recruited through mass mailings, summer camps and fliers distributed in the community. All participants and parents provided assent/consent to participate in the study, which was approved by UCLA's Institutional Review Board.
Procedures
Behavioral measures. During an initial visit, at least one day prior to the completion of the fMRI scan, adolescents' parents completed the Interpersonal Competence Scale (ICS; Cairns et al., 1995) , using a 7-point scale with higher numbers indicating greater competence. The ICS assesses adolescents' social success at school, including time spent with friends, popularity with same and opposite sex peers, and involvement in social activities. The ICS has been extensively tested and validated as a parent and/or teacher report of interpersonal competence among children and adolescents ranging from ages 9 to 13, and has demonstrated good test-retest reliability and high correlations with both direct observations of social behavior as well as peer nominations of social status (Cairns et al., 1985; Cairns, 1994, 1995) . In addition, several recent studies have further demonstrated that the ICS is highly associated with both self-and peer-reports of social competence (Xie et al., 2002) , and highly predictive of adolescents' social behaviors (Cadwallader and Cairns, 2002) .
On the day of the fMRI scan, adolescents completed the Rejection Sensitivity Questionnaire for Children (RSQ; Downey and Feldman, 1996) , which assesses the importance of being socially accepted as well as anxiety and beliefs about the likelihood of being accepted, on a scale ranging from 1 ¼ 'not at all anxious'/'expect to be accepted', to 6 ¼ 'very anxious'/'expect to be rejected'. Immediately following completion of the Cyberball task, in order to measure distress associated with the exclusion condition, adolescents completed the Need-Threat Scale (NTS; Williams et al., 2000 Williams et al., , 2002 which assesses 12 subjectively experienced consequences of being excluded during the game, including ratings of self-esteem ('I felt liked'), belongingness ('I felt rejected'), meaningfulness ('I felt invisible') and control ('I felt powerful'), on a scale ranging from 1 ¼ 'not at all' to 5 ¼ 'very much'. fMRI paradigm. In order to simulate peer rejection during an fMRI scan, we used the Cyberball game. Cyberball is an experimental paradigm that simulates a real interactive experience of social exclusion (Williams et al., 2000 (Williams et al., , 2002 , and it has been used successfully in several previous neuroimaging studies with adults to simulate the experience of being excluded by others (Eisenberger et al., 2003 . We chose this simulated experience of social exclusion as a proxy for peer rejection based on research indicating that during early adolescence, isolating peers from social groups is one of the dominant methods used to reject peers (Coie et al., 1990) . In addition, the same Cyberball paradigm used in the current study has been used with success in previous research with adolescents, in order to simulate peer rejection and create feelings of social isolation (Gross, 2007) .
During the Cyberball game, participants were told that they were playing a ball-tossing game via the internet with two other adolescents in other scanners, in order to examine coordinated neural activity. In actuality, these other 'players' were controlled by the computer. On a computer screen displayed through fMRI compatible goggles, participants saw the cartoon images representing these other players, as well as a cartoon image of their own 'hand' that they controlled using a button-box. Throughout the game the ball is thrown back and forth among the three players, with the participant choosing the recipient of their own throws using a button-box, and the throws of the other two 'players' determined by the pre-set program.
Participants played two rounds of Cyberball during two separate fMRI scans: one round in which they were 'included' throughout the game, and one round in which they were 'excluded' by the other participants. Throughout the inclusion round the computerized players were equally likely to throw the ball to the participant or the other player. However, during the exclusion round, the two computerized players stopped throwing the ball to the participant after the participant had received a total of 10 throws, and threw the ball only to each other for the remainder of the game. Each round of Cyberball consisted of 60 ball tosses total, including all the participants' tosses as well as the tosses of the two simulated players. Thus, the exclusion portion of the second round, following the participant's first 10 throws, consisted of half of the total number of ball tosses and lasted for approximately half of the round or about 60 s (depending on the time that it took each participant to throw the ball after having received it).
Following the completion of the NTS questionnaire at the end of the fMRI session, participants were given a full debriefing explaining the deception involved in the Cyberball game and thoroughly questioned about their feelings regarding this deception. During the debriefing session, participants were also probed to determine whether they had believed the manipulation. Three of the 23 participants expressed suspicions about whether the other players were real after being scanned, and two participants stated that they thought there was a problem with their computer or button-box that had resulted in their exclusion. The remaining 18 participants believed the deception and did not indicate that they were suspicious prior to being debriefed. fMRI data acquisition. Images were collected using a Siemens Allegra 3-Tesla MRI scanner. Adolescents were given extensive instructions to decrease motion, and head motion was restrained with foam padding and surgical tape. One subject of the original 24 was excluded due to motion in excess of 1.5 mm, resulting in the final sample of 23 participants. The Cyberball task was presented on a computer screen, which was projected through scannercompatible goggles.
For each participant, an initial 2D spin-echo image (TR ¼ 4000 ms, TE ¼ 40 ms, matrix size 256 Â 256, 4 mm thick, 1 mm gap) in the sagittal plane was acquired in order to enable prescription of slices obtained in structural and functional scans. In addition, a high-resolution structural scan (echo planar T 2 -weighted spin-echo, TR ¼ 4000 ms, TE ¼ 54 ms, matrix size 128 Â 128, FOV ¼ 20 cm, 36 slices, 1.56 mm in-plane resolution, 3 mm thick) coplanar with the functional scans was obtained for functional image registration during fMRI analysis preprocessing. Each of the two rounds of Cyberball was completed during a functional scan lasting 2 min, 48 s (echo planar T 2 *-weighted gradientecho, TR ¼ 2000 ms, TE ¼ 25 ms, flip angle ¼ 908, matrix size 64 Â 64, 36 axial slices, FOV ¼ 20 cm; 3 mm thick, skip 1 mm).
fMRI data analysis. All neuroimaging data was preprocessed and analyzed using Statistical Parametric Mapping (SPM5; Wellcome Department of Cognitive Neurology, Institute of Neurology, London, UK). Preprocessing for each individual's images included image realignment to correct for head motion, normalization into a standard stereotactic space as defined by the Montreal Neurological Institute and the International Consortium for Brain Mapping, and spatial smoothing using an 8 mm Gaussian kernel, full width at half maximum, to increase the signalto-noise ratio. Cyberball was modeled as a block design. Each round of Cyberball was modeled as a run with each period of inclusion and exclusion modeled as a block within the run for a total of two inclusion blocks (one during the first run and one during the first half of the second run) and one exclusion block. The initial rest and final rest during the first run, as well as the initial rest during the second run were not modeled, in order to maintain an implicit baseline. The final rest during the second run was not included in the implicit baseline, as brain activity immediately following exclusion might continue to reflect activity related to the exclusion experience. Because the paradigm is self-advancing for each participant, block lengths varied slightly across individuals, and final rest periods allowed for this variation within a functional scan lasting a set amount of time. After modeling the Cyberball paradigm, linear contrasts were calculated for each planned condition comparison for each participant. These individual contrast images were then used in whole-brain, group-level, random-effects analyses across all participants.
In order to test the primary research questions, the following group-level tests were run at each voxel across the entire brain volume: (a) direct comparisons between exclusion and inclusion; (b) examination of differences between exclusion and inclusion that were dependent on individuals' selfreported distress scores from the NTS; (c) examination of differences between exclusion and inclusion that were dependent on individuals' self-reported rejection sensitivity scores from the RSQ; and (d) examination of differences between exclusion and inclusion that were dependent on individuals' parent-reported interpersonal competence scores from the ICS. Reported correlational findings reflect regions of the brain identified using these whole-brain regressions, in which the behavioral variables (NTS, RSQ and ICS) were significantly associated with the difference in activity between exclusion and inclusion. Finally, we examined whether there were gender differences in neural activity during exclusion compared to inclusion.
To examine links between areas hypothesized to play a regulatory role during exclusion (e.g. right VLPFC) and areas linked with the distress experienced during exclusion, we performed interregional correlational analyses across subjects. To do this we extracted parameter estimates from the potentially regulatory regions and entered these as regressors in a whole-brain, random-effects group analysis comparing the exclusion and inclusion conditions. In order to isolate the most relevant regions of interest for this analysis, we identified the local maxima of the areas that were negatively correlated with subjective distress following exclusion, and examined correlations between these specific areas and the regions that had been hypothesized a priori to relate to feelings of subjective distress associated with social exclusion.
All group-level analyses were initially thresholded at P < 0.005 for magnitude (uncorrected for multiple comparisons), with a minimum cluster size threshold of 10 voxels (Forman et al., 1995) , in order to examine all regions which have been found to be associated with social and emotional processing (e.g. prefrontal and limbic regions). Subsequently, we used a stricter threshold of P < 0.05 for magnitude (FDR-corrected) to examine all other areas of the brain. All coordinates are reported in Montreal Neurological Institute (MNI) format.
RESULTS
Behavioral results
Participants' average scores for self-reported rejection sensitivity (M ¼ 2.78, s.d. ¼ 0.58) ranged from 1.42 to 3.58 out of a possible 6. The mean for boys' rejection sensitivity (M ¼ 3.11) was slightly higher than for girls (M ¼ 2.57; F ¼ 5.71, P < 0.05). Participants' average scores for parentreported interpersonal competence (M ¼ 5.66, s.d. ¼ 0.67) ranged from 4.42 to 7 out of a possible 7, and did not differ by gender. For subjective distress reported immediately following the Cyberball game, participants' mean score was 2.90 (s.d. ¼ 0.73) and ranged from 1.58 to 4.50 out of a possible 5; these scores also did not differ by gender. Participants' scores on these three measures were not significantly correlated with each other (all P ! 0.20). However, there was a weak positive association between interpersonal competence and rejection sensitivity scores, r(21) ¼ 0.28, P ¼ 0.20. When the five participants who reported being suspicious about the task (either due to suspected computer Neural correlates of peer rejection SCAN (2009) problems or disbelief in the other players' existence) were excluded from analyses, the means, standard deviations, ranges and intervariable correlations for each of these variables remained statistically the same. Given that no participants reported being suspicious prior to playing the game, and the lack of differences in behavioral measures including those measured after the scan, these five participants were included in all neuroimaging analyses.
Neural activity during social exclusion compared to inclusion As predicted, adolescents displayed several regions of activation during the exclusion condition, compared to the inclusion condition, as shown in detail in Table 1 . Consistent with data from adult samples, adolescents showed significant activity in the insula and the right VPFC. In addition, significant activation was found in the subACC. Although dACC activity has been found in adult studies of social exclusion (Eisenberger et al., 2003 , there was no evidence of dACC activity among our adolescent population. Next, unlike in previous studies with adults, adolescents also displayed significant activation in the ventral striatum (VS), a region that has been consistently shown to be involved in reward processing (McClure et al., 2003; O'Doherty et al., 2003 O'Doherty et al., , 2004 Rodriguez et al., 2006) and more recently has been shown to play a role in emotion regulation as well (Wager et al., 2008) . Finally, the main effect of exclusion compared to inclusion was compared across gender groups; however, no meaningful differences between boys and girls emerged in any of the regions predicted to play a role in the experience of exclusion.
Neural activity during social exclusion correlated with subjective distress To examine how subjective distress during social exclusion correlated with neural activity, we examined the whole brain in order to identify the regions in which participants' self-reported subjective distress scores (after being excluded from the Cyberball game) were associated with the difference between activity during exclusion and activity during inclusion. All regions where activity was related to subjective distress are displayed in Table 2 . Individuals who showed greater activity in the insula and subACC reported greater feelings of social distress in response to social exclusion ( Figure 1A and B). In addition, activity in certain regions of the PFC was also positively related to social distress. When Note. BA refers to putative Brodmann's Area; L and R refer to left and right hemispheres; x, y and z refer to MNI coordinates in the left-right, anterior-posterior and interior-superior dimensions, respectively; t refers to the t-score at those coordinates (local maxima). The following abbreviations are used for the names of specific regions: ventral prefrontal cortex (VPFC), subgenual anterior cingulate cortex (subACC). Note. BA refers to putative Brodmann's Area; L and R refer to left and right hemispheres; x, y and z refer to MNI coordinates in the left-right, anterior-posterior and interior-superior dimensions, respectively; t refers to the t-score at those coordinates (local maxima); r refers to the correlation coefficient representing the strength of the association between NTS scores and the difference between activity during exclusion and activity during inclusion in the specified region; these correlation values are provided for descriptive purposes. The following abbreviations are used for the names of specific regions: subgenual anterior cingulate cortex (subACC), prefrontal cortex (PFC), ventrolateral prefrontal cortex (VLPFC), dorsomedial prefrontal cortex (DMPFC).
examining neural activity that was negatively correlated with subjective feelings of distress, significant activity was present in two regions of the right VLPFC (see Figure 2A) , consistent with previous research, as well as in the dorsomedial PFC (DMPFC). In addition, a surprising finding revealed that activity in the VS was also negatively correlated with subjective distress ( Figure 2B ), and therefore was further explored in the section on interregional correlations below.
Interregional correlations during exclusion compared to inclusion
Interregional correlational analyses were performed to examine negative correlations between right VLPFC, DMPFC and VS activity and neural activity hypothesized to be related to distress, in order to further explore potential regulatory properties of these three areas. Group-level analyses were performed comparing exclusion to inclusion, with parameter estimates from the active areas of right VLPFC, DMPFC and VS used as individual regressors. With the specific goal of identifying regions that might be negatively related, we focused on interregional correlations between the right VLPFC, DMPFC and VS and the regions found to be positively related to the distress associated with social exclusion in the current study and previous studies with adults (e.g. dACC, insula, subACC). Two distinct regions of the right VLPFC that were associated with lower levels of distress following exclusion showed negative correlations with areas of the insula, subACC, dACC and amygdala (see Table 3 ). In addition, the region of the DMPFC that was associated with lower levels of distress following exclusion showed negative correlations with areas of the amygdala, dACC and insula (see Table 3 ). Thus, right VLPFC and DMPFC may play important roles in regulating distress following exclusion during adolescence. Interestingly, the VS also displayed significant negative correlations with the insula, subACC and dACC, as shown in Table 3 , providing further evidence that this region may also be crucial for regulating negative affect during adolescence. Moreover, the VS also showed positive correlations with two areas of the right VLPFC, a finding that has been observed previously (Wager et al., 2008) . Neural correlates of peer rejection SCAN (2009) Neural activity during social exclusion correlated with rejection sensitivity and interpersonal competence Next, to examine how rejection sensitivity correlated with neural activity, we again examined the whole brain in order to identify the regions in which participants' rejection sensitivity scores were associated with the difference between activity during exclusion and activity during inclusion. Three significant regions of activation emerged that were positively related to rejection sensitivity, including the dACC (see Figure 3A) , which replicates findings among adults showing positive correlations between dACC activity and self-reported rejection sensitivity (Burklund et al., 2007) , as well as the precuneus, and the anterolateral PFC (see Table 4 ). There were no regions that correlated negatively with rejection sensitivity. Finally, to examine how parents' reports of interpersonal competence were related to neural activity during exclusion compared to inclusion, we performed an additional whole brain analysis to identify the regions in which participants' interpersonal competence scores were associated with the difference between activity during exclusion and activity during inclusion. Several interesting findings emerged, as shown in Table 4 . Significant activation in the dACC and insula (see Figure 3B ), as well as in the subACC and pregenual ACC (preACC), was positively related to interpersonal competence scores, suggesting that these neural structures, many of which have been previously found to support experiences of social exclusion in adults, are also particularly sensitive to social exclusion among interpersonally competent adolescents. In addition, individuals higher in interpersonal competence also showed significant activation in the right VLPFC, left VLPFC, DMPFC and VS during exclusion compared to inclusion, suggesting that interpersonally competent adolescents may also be engaging in more regulation of feelings of distress related to exclusion than less interpersonally competent adolescents. There were no regions that correlated negatively with interpersonal competence.
It is worth noting that when all three behavioral measures (subjective distress, rejection sensitivity and interpersonal competence) were included in the same multiple regression model in SPM5, no findings emerged that were substantively different from those found when running the three regressions separately. This suggests that subjective distress, rejection sensitivity and interpersonal competence each independently predict activity in the regions specified above, even after controlling for the contributions of the other two variables.
DISCUSSION
Overall, our results indicate that the neural circuitry associated with either producing or regulating the feelings of distress when being excluded by peers is similar to that which has been found among adults experiencing social exclusion in previous research. However, our findings also indicate that adolescents may experience social exclusion by peers in unique ways. Such a discovery may contribute to our understanding of why peer rejection is so salient during this developmental time period.
As predicted, during exclusion compared to inclusion, adolescents displayed reliable activity consistent with that seen previously among adults, including significant activity in the insula, a region associated with visceral pain and negative affect (Augustine, 1996; Buchel et al., 1998; Gorno-Tempini et al., 2001; Phillips et al., 2003 Phillips et al., , 2004 . Furthermore, analyses suggested that individuals with greater activity in the insula felt more social distress in response to social exclusion, a finding consistent with prior work linking insular activity to neural responses during social exclusion (Eisenberger et al., 2003) . Also in line with previous adult studies, adolescents showed activity in the right VLPFC that was related to lower reports of distress, and interregional correlational analyses confirmed right VLPFC activity was negatively correlated with activity in the insula, subACC and dACC, consistent with previous work showing that this region plays a role in regulating negative affect (Hariri et al., 2000; Eisenberger et al., 2003; Lieberman et al., 2004 Lieberman et al., , 2007 . Thus, RVLPFC may play an important role in regulating distress following exclusion during adolescence.
Interestingly, there were a few regions that either did not show the same pattern of activity in adolescents as they have in adults or have not been previously observed in studies of social exclusion among adults. For instance, although dACC activity has been consistently shown among adult samples to be related to the distress experienced during social exclusion (e.g. Eisenberger et al., 2003) , a similar relationship between dACC activity during exclusion and distress was not found among adolescents. This difference was unexpected; however, it is not surprising given the differences in the salience, prevalence and meaning of social rejection when comparing adults and adolescents. In addition, among adolescents, subACC activity was found during exclusion compared to inclusion and this activity was correlated with higher reports of distress following exclusion. This is contrary to previous work in adults showing that the subACC is involved in more positive affective processes, including social acceptance (Somerville et al., 2006) , lower rejection sensitivity (Burklund et al., 2007) , optimism (Sharot et al., 2007) and positive interpretations of negative stimuli (Kim et al., 2003) . Note. BA refers to putative Brodmann's Area; L and R refer to left and right hemispheres; x, y and z refer to MNI coordinates in the left-right, anterior-posterior and interior-superior dimensions, respectively; t refers to the t-score at those coordinates (local maxima); r refers to the correlation coefficient representing the strength of the association between each VOI and the difference between activity during exclusion and activity during inclusion in the specified regions; these correlation values are provided for descriptive purposes. The significant activity in the subACC, dACC and Insula, were part of the same interconnected cluster at the specified threshold. The following abbreviations are used for the names of specific regions: ventrolateral prefrontal cortex (VLPFC), subgenual anterior cingulate cortex (subACC), dorsal anterior cingulate cortex (dACC), dorsomedial prefrontal cortex (DMPFC).
Neural correlates of peer rejection SCAN (2009)
Thus, it is not clear why the subACC is associated with greater self-reported distress in adolescents; however, it should be noted that research with clinical populations has shown reverse effects as well, such that greater subACC activity was associated with higher levels of depression (Chen et al., 2007; Keedwell et al., 2008) . It is possible that adolescents may show patterns of subACC activity more similar to clinical samples than adults either because adolescents display greater emotional reactivity than adults, or because of the ongoing development of this region during adolescence (e.g. Gogtay et al., 2004) . Finally, an additional unique finding from this study indicated that adolescents displayed significant activation in the VS during exclusion compared to inclusion, and that VS activity was negatively correlated with subjective distress. An interregional correlational analysis revealed that this area of the VS was negatively correlated with the insula, subACC and dACC, suggesting that this region may be crucial for regulating negative affect during adolescence. Although not predicted, this finding fits with recent work showing that the VS is involved in successful emotion regulation. The VS has consistently been shown to be involved in reward learning and approach motivation more generally (McClure et al., 2003; Schultz, 2004 , Tindell et al., 2006 Wager et al., 2007) and in a recent study, greater activity in the VS when reappraising aversive images related to greater reappraisal success (Wager et al., 2008) . This previous work supports the hypothesis that VS activity may play a role in affect regulation by aiding in the reinterpretation of stimuli in positive ways. Moreover, the positive associations between the VS and the right VLPFC seen in the current study replicate previous work (Wager et al., 2008) and suggest that these areas could potentially be active simultaneously to aid in affect regulation.
In support of this theory, research in clinical populations among individuals with atypically functioning prefrontal regions (e.g. bipolar patients) has demonstrated that the VS supports regulation of responses to emotionally salient stimuli (e.g. Dickstein and Leibenluft, 2006; Marsh et al., 2007) . One interpretation of these clinical findings is that the VS may play a compensatory role for some of the functions typically supported by the prefrontal cortex, and thus VS activity may be heightened among populations with atypically functioning prefrontal regions during tasks requiring regulatory processing. Since the prefrontal cortex continues to develop both structurally and functionally through late adolescence (Giedd et al., 1999; Gogtay et al., 2004; Sowell et al., 2004) , and is thus not 'typically functioning' relative to adults, the VS may provide an alternate means of regulating negative emotion among typicallydeveloping adolescents, in ways similar to clinical populations. In general, these kinds of discrepancies in frontal lobe maturity may help to explain behavioral differences in responses to emotion-evoking stimuli across ages as well as why certain experiences, like peer rejection, appear to have a developmental time frame during which they are particularly salient and distressing.
In addition to our analyses examining neural correlates of distress and regulation of distress during exclusion by peers, we examined how rejection sensitivity and interpersonal competence modulated neural activity during exclusion. We found that adolescents who reported themselves as being more sensitive to peer rejection displayed greater activity in the dACC, precuneus and anterolateral PFC. This association with the dACC is consistent with previous research with adults indicating that increased activity in the dACC is associated with greater social distress following social exclusion (Eisenberger et al., 2003) and greater rejection sensitivity (Burklund et al., 2007) . The precuneus has previously been found to be linked to mentalizing tasks including imagery (Cavanna and Trimble, 2006) and both direct and reflected self-appraisals (Pfeifer et al., in press) , and thus our finding supports the possibility that adolescents who are more sensitive to rejection may be more concerned with the other players' thoughts and motivations for excluding them.
Finally, the association between parent-reported interpersonal competence and neural activity during exclusion revealed that adolescents whose parents perceived them as being more socially competent showed heightened activity in the dACC and insula, two regions found to be related to exclusion in previous research (e.g. Eisenberger et al., 2003) . These findings suggest that heightened interpersonal skills among adolescents is linked with increased neural sensitivity to exclusion by peers. Although somewhat counterintuitive, this is consistent with behavioral research indicating that adolescents with high interpersonal competence are more conscious of peer norms, more advanced cognitively, and more sensitive to others' emotions (Dekovic and Gerris, 1994; Allen et al., 2005) , which leaves Note. BA refers to putative Brodmann's Area; L and R refer to left and right hemispheres; x, y and z refer to MNI coordinates in the left-right, anterior-posterior and interior-superior dimensions, respectively; t refers to the t-score at those coordinates (local maxima); r refers to the correlation coefficient representing the strength of the association between each regressor (rejection sensitivity or interpersonal competence) and the difference between activity during exclusion and activity during inclusion in the specified region; these correlation values are provided for descriptive purposes. The significant activity in the dACC, insula, caudate/ventral striatum and DMPFC were part of the same interconnected cluster at the specified threshold. The following abbreviations are used for the names of specific regions: dorsal anterior cingulate cortex (dACC), prefrontal cortex (PFC), subgenual anterior cingulate cortex (subACC), ventrolateral prefrontal cortex (VLPFC), anterior cingulate cortex (ACC), dorsomedial prefrontal cortex (DMPFC), dorsolateral prefrontal cortex (DLPFC).
Neural correlates of peer rejection SCAN (2009) them more sensitive to relational problems with peers (Hoglund et al., 2008) . Also consistent with this hypothesis, more interpersonally competent adolescents displayed greater activation in the right VLPFC and VS during exclusion, suggesting that interpersonally competent adolescents may also be engaging in more regulation of distress related to being rejectedeither because their heightened distress produces a greater need for regulation, or because they are better at regulating. Consistent with the second of these explanations, behavioral research has shown that even interpersonally competent individuals who appear less affected by peer rejection, are actually similarly distressed by rejection; however, they are better able to recover from rejection experiences using problem-solving and reasoning as coping methods that result in a relatively faster attenuation of negative mood than other children .
Overall these findings suggest that, similar to adolescents who report being more sensitive to rejection, individuals whose parents perceive them to be more interpersonally competent show more neural sensitivity to a simulated experience of peer rejection. Furthermore, in the context of previous research with adults experiencing social exclusion, these findings may suggest that the neural structures that support social exclusion experiences among adults are particularly sensitive to peer exclusion among adolescents who evidence heightened sensitivity to negative social encounters with peers, (i.e. more interpersonal competence and/or rejection sensitivity.
LIMITATIONS
Several aspects of the study and task design could have potentially impacted our findings. First, because it was necessary to create a real social experience with peers, given our interest in feelings of true rejection, we could not include some of the controls that are typical of neuroimaging studies. For example, we could only include one exclusion block in our design, because of the necessity of maintaining an ecologically valid experience. However, given that the lack of additional exclusion blocks actually reduces the probability of Type I errors in our experiment, we are skeptical that this limitation affected our primary findings. Similarly, in order to prevent the expectation of being rejected from confounding our results obtained during the inclusion condition, we could not counterbalance the order of the inclusion and exclusion conditions. Given our specific age range (12-13 years old), which we chose precisely because of the salience of peer relationships at this age, we must also consider the possibility that individual differences in pubertal development impacted our findings. Although pubertal differences were not considered in the current study, young adolescents at this age are likely to be in the midst of puberty, and we cannot ignore the possibility that pubertal maturation influenced both subjective and neural responses to peer rejection. In addition, it is possible that adolescents' self-reports were biased due to social desirability, given the sensitive nature of being rejected by peers at this age. However, due to the variability of responses and the strong correlation with neural activity in predicted regions, we doubt that this issue significantly affected our results.
Finally, in the interpretation of our neuroimaging results and the resulting implications for adolescents' experiences with peer rejection, some inferences were based on previous research linking specific regions and behavioral functions. The ability to judge with certainty what activation in a particular region means is limited, given the multiple functions that a region may be involved in (Poldrack, 2006) ; however, this type of inference is inevitable in the early stages of a particular field or methodology, and only continued neuroimaging work on social development will decrease the need to make these 'reverse inferences' (Pfeifer et al., in press ).
FUTURE DIRECTIONS AND CONCLUSION
Future research should continue to explore the neural and behavioral correlates of peer rejection during adolescence by making use of multiple age groups, differences in pubertal development, and specific targeted populations. For example, although one recent study examined age differences in neural responses during peer interactions (Guyer, McClureTone, Shiffrin, Pine, and Nelson, in press ), further examination of neural responses to peer rejection across children, adolescents and adults would increase understanding of how neural responses change across the unique adolescent transition when peer rejection is so salient. Similarly, given previous research indicating that pubertal changes during adolescence are related to many aspects of social development, examining neural responses to rejection within the context of pubertal development would also provide valuable information about how physiological maturation might impact responses to peers across the adolescent transition. In addition, it would be useful for future studies to specifically target adolescents who might provide valuable information about peer rejection experiences, such as chronically rejected or socially anxious individuals (see Guyer et al., 2008) . Finally, given that prefrontal cortex immaturity might impact adolescents' social experiences, concurrent structural and functional neuroimaging analyses would be useful for examining how brain development is related to brain response and function during rejection experiences.
In conclusion, this study provides an initial inquiry into the experience of peer rejection within the adolescent brain. Because fMRI techniques allowed us to examine neural responses as they occurred, we were able to contribute new evidence regarding the underlying processes that might support subjective responses to rejection experiences. Hopefully, with continued work on this topic using novel methodologies and neuroimaging technologies, the fields of adolescent development and peer relations will gain unique perspectives that will inform our understanding of peer rejection.
